One of the most significant human-made methane emission sources is the MSW (municipal solid waste), deposited on sanitary landfills and open dumps. Within this work, an alternative MSW treatment concept is presented, which could provide a relatively clean waste/biomass-to-energy transformation. The proposed procedure comprises of a combustion and a gasification (or pyrolysis) step, which are consecutively taking place in a two-stage hybrid porous reactor system. The core of the system is two packed bed reactors, in which solid fuel (waste or biomass) is mixed with inert ceramic particles of similar size. This paper overviews the initial experimental investigation of the combustion step of a hybrid mixture, composed of wood pellets (fuel) and alumina balls (inert ceramic particles) in a 250 mm-high batch reactor. The temperature profile along the reactor, the concentration of CO and the flame front propagation velocity were measured as a function of the ceramic particle size (11 and 20 mm), the inert-to-fuel mass ratio (0:1, 2:1, 3:1) and the airflow rate (30, 42, 60 l/min). Experiments indicate that an increase of the mass ratio of inert-to-fuel material and a decrease of the inert ceramic particles size lead to a decrease of the maximum temperature of the packed hybrid bed. Measured CO concentrations showed strong dependence on the inert ceramic particle size, i.e. the particle size reduction from 20 to 11 mm resulted in a significant reduction of CO-emission peaks. The maximum flame front propagation velocity of 0.2 mm/sec was detected for the airflow of 42 l/min, the particle size of 20 mm and the mass ratio of 3:1.
Introduction
 A growth of world population leads to an increased amount of produced waste in general, and of MSW (municipal solid waste) per day in particular. According to the World Bank [1] , from the total amount of globally produced MSW, currently estimated to 1.3 billion tons per year, almost 80% end on the sanitary landfills (47.4%) and open dumps (32.4%). This form of MSW is a significant emitter of landfill gases, which is one of the major human-made methane sources [1, 2] . The rest of MSW is recycled (6.8%), incinerated (4.6%), openly burned (5.4%) or disposed in other ways (3.4%).
Since MSW is a global issue, its treatment and utilization are widely investigated [3, 4] . A conventional approach to waste-to-energy treatment is direct combustion of waste (incineration), which has the goal to recover the energetic value of wastes. Other thermochemical treatment methods, i.e. pyrolysis and gasification, may additionally be used for recovering the chemical value of wastes, i.e. for production of chemicals or secondary fuels [5] .
The main advantage of gasification over direct combustion of solid wastes is related to the production of syngas, which is suited for use in different applications [6] . Gasifiers can be classified based on the contact between the fuel and the oxidizing agent to fluidized bed gasifiers [7] , packed bed gasifiers [8, 9] For the successfulness of the gasification (or pyrolysis) step in the second reactor, it is necessary to characterize the operational conditions within the first reactor, especially to determine under which conditions the highest temperature level of inert particles can be reached. According to literature [6, 9] , the temperature level required for gasification is between 500 °C and 1,600 °C, and for pyrolysis between 500 °C and 800 °C.
The presented study was focused on the combustion process in the first hybrid reactor. The goal was to investigate the influence of the inert particles size, the inert-to-fuel mass ratio and the airflow rate on output parameters, i.e. the temperature distribution along the reactor, the temperature of exhaust gases and the CO-concentration.
Experimental Apparatus and Procedure
The experimental investigation was focused on the combustion process step, taking place inside a hybrid packed bed reactor. The experimental apparatus, used in this study, is presented in Fig. 2a . The cylindrical batch reactor (Fig. 2b ) was filled with a mixture of wood pellets (solid fuel) and alumina balls (inert ceramic particles) (Fig. 2c) . The reactor consisted of three parts: (1) air supply, placed at the bottom of the reactor, (2) combustion zone, in the middle of the reactor, and (3) outlet for exhaust gases, at the top of the reactor. The combustion zone, i.e. the packed bed zone, was 250 mm high, with the inner diameter of 68 mm. An 11 mm insulation layer was provided for the minimization of heat losses. The packed bed consisted of a randomly premixed wood pellets, with a particle size of 10 ± 5 mm (length) × 5 mm (diameter), and inert alumina spheres. The LHV (lower heating value) of the used fuel was 17.64 MJ/kg (as claimed by the producer).
The flow rate of air, as the oxidant for combustion, was controlled by an MFC (mass flow controller). One set of experiments was conducted with the preheated combustion air, for which purpose an electrical heater was implemented into the air line. The air temperature was measured using a K-type thermocouple (TC5). Four K-type thermocouples (TC1-TC4) were placed at the inner wall (within the insulation), at 60 mm distance between one another. They measured the temperature distribution along the reactor wall. The CO-concentration in the exhaust gases, which exit the reactor at its top, was quantified by a gas analyzer. An additional K-type thermocouple (TC0) measured the temperature of the exhaust gas. The measured data were collected by a Data Acquisition System, based on the LabVIEW Software.
The ignition took place at the top of the reactor, using a hand gas burner. Combustion within the reactor was considered to start when TC0 and TC1 thermocouples experienced a steep temperature increase. As the flame front propagated upstream, the solid fuel was gradually burnt. In this way the transport of alumina particles, left after the solid fuel combustion, took place from top towards the bottom of the reactor. Depending on experimental conditions, a typical test duration was between 45-75 minutes, which corresponds to the average flame front propagation velocities between 0.092 and 0.055 mm/s. The end of an experiment was considered when the flame front was at the bottom of the reaction zone, i.e., it was determined based on the temperature measurements.
Results and Discussion
In the scope of the experimental campaign the following inlet parameters were varied: (1) the inert particles size (diameter d Al = 11 mm and d Al = 20 mm), (2) the inert-to-fuel mass ratio (0:1, 2:1, 3:1), and (3) the air flow rate (30, 42 and 60 L/min). In order to characterize the combustion in a hybrid reactor, the following output parameters were measured: (1) the temperature distribution along the reactor, (2) the temperature of the exhaust gas, and (3) the CO-concentration. Experiments showed that the combustion was unstable at the air flow rate of 60 l/min, i.e., the attenuation of the flame and an increased amount of unburned pellets occurred.
Once ignited, the flame front propagated upstream of the reactor, progressively passing each thermocouple from the top (TC1) to the bottom (TC4). Fig. 3 shows an example of the movement of the reaction zone through the reactor, for the inert particles diameter of d = 20 mm, inert-to-fuel mass ratio 3:1, and the volume flow of air 30 L/min. A steep temperature gradient and temperature peaks correspond to the onset of combustion at different parts of the reactor.
The highest local temperature of ca. 900 °C occurred in the region of the thermocouple TC3 (placed 105 mm above the packed bed bottom). In fact, the highest temperatures were recorded in the middle region of the reactor for all the experiments with airflows of 30 and 42 l/min, while for 60 l/min combustion started to be unstable, and the temperature in the middle zone of the reactor was decreased. The position of the maximum temperature zone in the middle of the reactor could be attributed to decreased heat losses in the middle of the reactor, and to the optimal air/fuel ratio, which is reached in this zone. The lowest temperatures were measured at the bottom region of the reactor, because of the cooling effect of the air inflow at the ambient temperature and the consequent high air/fuel ratio.
Temperature profiles showed the similar trend for all conducted experiments. They resembled the temperature profiles of solid material within the filtration combustion reactor, as reported by Toledo [17] .
The dependency of the maximum measured temperature on the air flow for all conducted experiments is presented in Fig. 4 . At higher inert-to-fuel mass ratios, the peak temperatures were lower, as more inert particles had to be heated. A decrease of the inert particle size led to a decrease of the maximum measured temperature, due to the increased specific surface of the inert particles. The maximum recorded temperature in the reactor at TC3 of 1,064 °C was reached under the following conditions: the diameter of inert particles d = 20 mm, the inert-to-fuel mass ratio 2:1, and the air flow rate of 42 L/min. For 60 L/min combustion became unstable, as was mentioned before, and the flame front did not reach the thermocouple TC3. Thus, the recorded temperature corresponded to the unburned particles. Based on the results presented in Fig. 4 , it can be concluded that the temperature level of inert particles within the combustion reactor is high enough to enable gasification (or pyrolysis) [6] inside the second hybrid reactor.
The flame front propagation velocities were calculated based on the temperature profiles, as is the one shown in Fig. 3 . They were determined by detecting the time interval, required for a temperature peak to propagate between two thermocouples (known distance). The dependency of the calculated average flame front propagation velocity on the air flow rate is presented in Fig. 5 . Experiments demonstrate that at higher inert-to-fuel mass ratios, the average flame front propagation velocity is lower. A reduction of the particle size at the constant mass ratio results in a decrease of the average flame front propagation velocity.
Obtained results, as shown in Fig. 6 , indicated that besides on the air flow rate, the flame front propagation velocity also depends on the position within the reactor. This is influenced by an uneven air distribution within the reactor, i.e., air is consumed in the reactor, and its concentration decreases toward the top of the reactor. The maximum flame front propagation velocity of 0.2 mm/s was detected at the top region of the reactor (between thermocouples TC1 and TC2), at the air flow rate of 42 l/min, the inert particle size diameter d = 20 mm and the inert-to-fuel mass ratio of 3:1.
During the experiments, high CO emissions above 1% were detected, which can be contributed to the poor mixing quality of the oxidant with the fuel particles. As could be expected, lower CO emissions were detected with the increase of air supply and at higher mass ratio (less wood pellets quantity). Measured CO concentrations showed a strong dependence on the inert ceramic particle size. Reduction of the particle size from 20 mm to 11 mm resulted in significant reduction of CO emission peaks, i.e., three to eight times lower. An additional set of experiments with PCA (preheated combustion air) was performed, for the case when a significant amount of unburned wood pellets was detected, i.e., at the air flow rate of 60 l/min. At the air flow rate of 60 l/min without the air preheating, the flame could not be stabilized. Thus, the combustion air was preheated from the ambient temperature to t PA = 150 °C by an electrical heater. The comparison with the temperature profiles without and with the preheated air is presented in Fig. 7 .
Without preheating, the flame extinguished before reaching TC3 (red line without dots) and unburned wood pellets were observed. Preheating of the combustion air enabled the elimination of cold spots within the reactor, stabilization of the combustion process and minimization of the unburned pellets. The study included investigation of the impact of the main operating parameters, i.e., the inert particle size, the inert-to-fuel mass ratio and the air flow rate, on the temperature distribution along the reactor, the flame propagating velocity and the concentration of CO. Experimental results revealed that the highest temperature zone was positioned in the middle region of the reactor. The maximum recorded temperatures, in the range of 950-1,050 °C, were obtained for air flow rates of 30 l/min and 42 l/min, while at the air flow rate of 60 l/min the combustion could not be stabilized without air preheating. An increase of the inert-to-fuel mass ratio and a decrease of the inert particles size led to a decrease of the maximum measured temperatures within the reactor. The average calculated flame front propagation velocity along the reactor showed to be lower at higher inert-to-fuel mass ratios and at smaller inert particle size. The maximum determined flame front velocity of 0.2 mm/s was reached at the top region of the reactor, at the air flow rate of 42 l/min, with the inert particle diameter d = 20 mm and at the inert-to-fuel mass ratio of 3:1. Conducted experiments confirmed that inert particles reach the temperature level high enough to provide gasification (or pyrolysis) in the second stage of the hybrid porous reactor.
In order to be able to develop the presented concept, the influence of the particle diameter and the inert-to-fuel mass ratio on the CO-concentration should be further investigated. Numerical analysis of e.g., the influence of the particle size on the air flow pattern through the packed bed, could help in better understanding of the proposed reactor and the concept optimization. Finally, investigation of the gasification (or pyrolysis) step within the hybrid porous reactor needs to be conducted.
